The sense of smell and its astonishing performance pose biologists with ever new riddles. How can the system smell almost anything that gets into the nose, distinguish it from countless other odors, memorize it forever, and trigger reliably adequate behavior? Among the senses, the olfactory system always seems to do things differently. The olfactory sensory neurons (OSNs) in the nose were suggested to use an unusual way of signal amplification to help them in responding to weak stimuli. This chloride-based mechanism is somewhat enigmatic and controversial. A team of sensory physiologists from The Johns Hopkins University School of Medicine has now developed a method to study this process in detail. Li et al. (1) demonstrate how OSNs amplify their electrical response to odor stimulation using chloride currents.
The mammalian olfactory system seems to have the capacity to detect an unlimited number of odorants. To date, nobody has proposed a testable limit to the extent of a dog´s olfactory universe. Huge numbers from 10 12 to 10 18 of detectable odorants emerge from calculations and estimations, but these are basically metaphorical substitutes for the lack of visible limits to chemical variety among odorous compounds. Dogs can cope with their odor world by using just 800 different odorant receptor proteins, a comparably tiny set of chemical sensors, expressed-one receptor type per cell-in 100 million OSNs in the olfactory epithelium. Olfactory research has revealed how it is possible to distinguish 10 18 odorants with 800 receptors. To do this, the receptors have to be tolerant with respect to odorant structure. After all, the huge numbers suggest that an average receptor must be able to bind millions of different odorants. Low-selectivity odorant receptors are, therefore, indispensable for olfaction. The olfactory system nevertheless extracts high-precision information from an array of low-precision receptors by looking at the activity of all its OSNs simultaneously. The combined activity pattern of all neurons together provides the precise information about odor quality that each individual OSN cannot deliver. Thus, combinatorial coding is the solution to the problem of low-selectivity receptors (2) . However, the necessity to operate OSNs with fuzzy odorant receptors creates another problem, as it limits the efficacy of the transduction process. OSNs transduce chemical signals through a metabotropic pathway (Fig. 1A) . Such pathways translate external stimuli into cellular responses by G-protein-coupled receptors. Their efficacy depends on the duration of receptor activity: the longer the receptor is switched on, the more G protein can be activated. This is well studied in photoreceptors, where the rhodopsin molecule may stay active for more than a second after absorbing a photon. Within this time, it can activate hundreds of G proteins, one after the other, thus eliciting a robust cellular response to a single photon. A comparable situation exists in hormone receptors with high affinity for their ligand. Hormone binding can shift these receptors into a stable state, in which they may continuously activate G proteins, until they are eventually phosphorylated and taken out of the plasma membrane. Both of these examples illustrate biochemical amplification by time. In the olfactory system, however, time is precisely what OSNs do not have. Because of the need to accommodate so many different odorants, they do not interact strongly with any of them. In fact, odorant molecules bind to their receptors for less than 1 ms, a time that is hardly long enough to activate even a single G protein (3) . There is no chemical amplification at all. To produce even the smallest afferent signal, an OSN has to take at least 35 hits by odorants within 50 ms (4). Thus, with its initial transduction step working so inefficiently, the OSN has to integrate over many brief binding events, multiple collisions of odorants with the chemosensory cilia, until sufficient G protein is activated to set things in motion.
OSNs must sacrifice transduction efficiency for the sake of stimulus diversity. How can they still function as key components of the highly sensitive olfactory system? In the 1990s, a possible explanation was formulated, based on the observation that odor-induced cation currents in the OSN cilia were a Department of Molecular Physiology, Centre for Organismal Studies, Heidelberg University, 69120 Heidelberg, Germany Author contributions: S.F. wrote the paper. The author declares no conflict of interest. See companion article on page 11078. accompanied by chloride currents (5, 6) . This was seen as a possible electrical amplification mechanism that may solve the problem of inefficient transduction (7-9). The idea was that odor stimulation would induce intracellular Ca 2+ signals that, in
turn, would open Ca 2+ -activated Cl − channels (Fig. 1A) . Although Cl − currents are inhibitory in most neurons, they are excitatory in OSNs. This inverse Cl − effect is the consequence of the singular position of OSNs in the nose. OSNs are the only neurons that are exposed to the external environment. Their chemosensory cilia are embedded in a mucus layer on top of the olfactory epithelium, and the entire transduction processincluding the proposed electrical amplification-happens within these cilia. It turned out that the Cl − concentrations in the mucociliary layer are indeed favorable for the amplification hypothesis. The OSNs charge their cilia with Cl − at rest using the electroneutral Na
− cotransporter NKCC1 (10, 11) and discharge Cl − through Ca 2+ -activated Cl − channels during stimulation (Fig.   1B) . The Cl − current boosts depolarization and promotes electrical excitation. Interestingly, the components of this mechanism were discovered in freshwater fish, amphibian, reptiles, birds, and mammals, indicating that the interplay of cation currents and chloride currents is important for OSN function throughout the animal kingdom. All looked well for the electrical-amplification hypothesis until it was put to the test in a genetic ablation study. The Ca 2+ -activated Cl − channels of OSNs were identified on a molecular level as TMEM16B (alias Anoctamin 2) proteins (12) (13) (14) , and a TMEM16B knockout mouse was generated whose OSNs lacked all Ca 2+ -induced Cl − current (15) . Within the framework of the electricalamplification hypothesis, the expectation was that the TMEM16B-knockout mouse would display a reduced odor sensitivity. This expectation was inspired by results from other senses, especially from the auditory system. In the inner ear, cochlear amplification rests on a single protein, called prestin. In addition, the prestinknockout mouse was as hard of hearing as expected: it suffered a 40-dB (100-fold) increase of hearing threshold (16) . The TMEM16B-knockout mouse, however, did not show any comparable impairment. Contrary to expectations, the animal performed well in operant conditioning studies showing normal olfactory sensitivity and odor discrimination. This result cast serious doubt on the notion of electrical amplification and its significance for olfaction. The team of Li et al. (1) examined to what extent Cl − current occurred in OSNs during odor stimulation. They isolated OSNs from frog olfactory epithelium and sucked each cell-basal end first-into the tip of a microelectrode, leaving the chemosensory cilia free for stimulation. This technique was originally developed for photoreceptors (17) , and it was later successfully applied to study odor-induced Cl − currents in OSNs (18). Li et al.
(1) devised a clever recording protocol to separate cation currents from chloride currents during odor stimulation. The protocol involved brief pulses of the chloride-channel blocker niflumic acid, applied at overlapping time intervals. It produced the individual time courses and amplitudes of both currents, exactly the information needed to quantify the amplification gain at all time points during the odor response. Using this novel protocol, the authors were able to demonstrate that the primary, odor-induced cation currents trigger larger, secondary chloride currents over a wide range of stimulus intensities. This result settled the question whether OSNs use electrical amplification; they do so at all stimulus intensities. Amplification was detectable even at near-threshold odor responses. With increasing odor concentrations, the amplification gain first increased and then decreased during the early response (<500 ms), whereas the gain for the late phase of the response (0.5-2 s) increased steadily. The dynamic properties of amplification will be crucial for further research into the afferent signal that reaches the brain from the nose. However, why does the loss of amplification not affect olfactory behavior in the TMEM16B-knockout mouse? Maybe the expectation that a peripheral amplification mechanism should impact on odor-guided behavior was too optimistic. The relation between OSN activity at the onset and odor perception at the conclusion of signal processing is far from being understood. The signal flow from nose to cortex is not as orderly and organized by spatial logic as in the visual and auditory systems. The eye has its retinotopic projection in the cortex, the ear its tonotopic representation, and, for both, the output of every photoreceptor or hair cell matters. The olfactory system is very different in virtually all respects. First, thousands of OSN axons-all with the same odorant receptor protein-converge onto a common projection neuron in the olfactory bulb. This extreme convergence shapes the signal that enters the brain, and we still have to find out how ORN electrical amplification contributes to this process. Second, when the olfactory information enters the piriform cortex, the largest cortical area in the olfactory system, it enters a world quite different from the primary visual cortex. Extensive horizontal communication between the principal neurons and continuous exchange with multiple other brain regions turn the original afferent signal into highly processed information (19) . Finally, the way to perception leads through brain regions that establish, evaluate, and use olfactory memory (20) . Thus, much signal processing has to take place before a mouse performs in an operant conditioning experiment. The search for a manifestation of the OSN electrical amplification in behavior may, therefore, be no straightforward task. However, thanks to the work of Li et al. (1) , at least we now know that it is there.
